Synthetic oligonucleotides, complementary to unique sequences in the heat stable enterotoxin gene of Escherichia coli specific for humans, were prepared with a 30-atom spacer arm and a 3' terminal sulfhydryl group which was coupled to bromoacetyl-derivatized alkaline phosphatase. The resulting direct enzyme-linked oligonucleotide probes, containing one enzyme molecule per oligonucleotide, successfully diagnosed enterotoxigenic Escherichia coli in clinical specimens by using a modified colony hybridization method and a colorimetric assay. The procedure is rapid, simple and reliable with a sensitivity equivalent to that using 5'-terminally labelled [
INTRODUCTION
Enterotoxigenic Escherichia coli (ETEC) carry the gene(s) for enterotoxin production which may cause diarrhoeal diseases in humans and the young of some farm animals. At least five types of E. coli enterotoxins, falling into two groups, have been characterized (1, 2) . The genes encoding these enterotoxins are present on transmissible plasmids. Five of these genes have been cloned and their nucleotide sequences determined (3) (4) (5) (6) (7) .
DNA colony hybridization, developed as a screening tool to detect recombinant ONA in bacterial isolates using radioactively labelled cloned DNA or synthetic oligonucleotides as probes, seems to be a promising replacement for the current tedious and expensive bioassays to detect ETEC (8) (9) (10) (11) . For routine diagnosis, however, the frequent use of radioisotopes is impractical. Most commonly used radioisotopes, such as [ 32 P], have a short lifetime and impose handling, storage and disposal hazards. Moreover, not all diagnostic laboratories, particularly those located in developing countries where ETEC remains a leading cause of diarrhoea, have easy access to radioisotopes.
A variety of alternative non-radioactive methods have been introduced to circumvent problems associated with radioisotopes. The most commonly adopted approach has been to use biotinylated DNA (including oligonucleotides) as probes and avidin-enzyme or streptavidin-enzyme complexes as detection systems (12) (13) (14) (15) (16) (17) (18) . One problem associated with these indirect methods is that avidin binds not only to biotinylated probes, but also to endogenous biotinylated proteins and other glycoproteins commonly found in clinical samples (19) . The resulting serious background problem may explain the limited reports on the application of biotinylated probes in DNA colony hybridization (19, 20) .
Recently, a report on the preparation of oligonucleotide-alkaline phosphatase conjugates and their use as hybridization probes for detecting purified ONA was described (21) . We have taken a different approach and developed a more efficient method for preparing direct enzyme-linked oligonucleotide probes. We also present here a rapid and reliable colony hybridization-colorimetric assay procedure using these probes to detect ETEC directly in faecal specimens.
MATERIALS AND METHODS

Materials
Calf intestine alkaline phosphatase (3.1.3.1) Grade I, was purchased from Boehringer Mannheim. Terminal deoxynucleotidyl transferase (2.7.7.31) and RNase-free T4 RNA ligase (6.5.1.3) were obtained from P-L Biochemicals. Bromoacetic acid-N-hydroxysuccinimide ester (bromoacetyl-NHS) was synthesized essentially as described by Wilcheck and Givol (33) . Dithio-bispropionic acid-N-hydroxysuccinimide ester (dithio-bis-propionyl-NHS), bovine serum albumin fraction V (BSA), dithiothreitol (DTT), polyvinylpyrrolidone (PVP), p-nitrophenyl phosphate, sodium dodecyl sulphate (SOS), N-2-hydroxylethypiperazine-N'-ethanesulfonic acid (HEPES), nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indoyl phosphate (BCIP) were obtained from Sigma Chemical Company. Ficoll 400, Sephadex G-100 (superfine), Sephadex G-50 (medium), Sephadex G-25 (medium) and DEAE-Sephacel were purchased from Pharmacia. 
Clinical specimens
Rectal swabs or swabs of faeces were collected from Aboriginal children on admission to the Alice Springs Hospital with diarrhoea during a study to determine the prevalence of ETEC in the Alice Springs population (G.D. Higgins, J.A. Lanser, J. Robinson, G.P. Davidson, J. Erhlich and P.A. Manning, 1987; manuscript submitted). Specimens were placed in Stuart's transport medium and transported by air to the Institute of Medical and Veterinary Science in Adelaide. On arrival, each swab was placed in 0.5 ml of snap freeze broth (1% protease peptose, Difco) and 10% glycerol (pH 7.2-7.4) in a TAAB capsule (TAAB Laboratory Equipment, Berkshire, U.K.) and stored at -70°C. All ETEC were identified by DNA hybridization and confirmed as toxin producers by bioassay in suckling mouse (22) . When required for the non-radioactive detection procedure, the liquid specimens were applied directly to the cellulose acetate membrane placed on Cled agar, by aspirating 1 yl of liquid and dotting on to the membrane. Plates were incubated inverted overnight at 37°C and assayed for ETEC as outlined below.
Preparation of aliphatic amine substituted oligonudeotides
Oeoxycytidine was modified at the ^-position with ethylene diamine in the presence of bisulfite and phosphate (23) (24) (25) . The resulting N^-aminoethyldeoxycytidine was converted to its fluorenylmethoxylcarbonyl derivative (26) and then to the 5'-dimethoxytrityl ester. A derivatized silica support was prepared from this intermediate by standard methods (27) . A three nucleotide spacer arm was introduced next to the transaminated deoxycytidine and this was followed by the synthesis of oligonucleotide complementary to unique sequences in the E. coli heat stable enterotoxin gene or immediate flanking regions (5) . Four such derivatized oligonudeotides, 22-24 nucleotides long, were synthesized (Table 1 ) with a duplex melting temperature (Tm) around 65°C at ionic strength of 0.9 M NaCl as estimated using the empirical equation Tm = 4 (G + C) + 2 (A + T) where G, C, A and T indicate the number of corresponding nucieotides in the oligomer (28) . All the aliphatic amine substituted oligonucleotides were prepared on an Applied Biosystems 380B DNA Synthesizer.
Preparation of tracer [ 3 3 > ]-o1igonucleotides
To monitor the conjugation reaction between oligonucleotide and alkaline phosphatase, the aliphatic amine substituted oligonucleotide was 3' end labelled with [ Alkaline phosphatase (2 nmol), previously dialyzed against 0.2 M potassium phosphate, pH 6.8, was incubated with 0.4 mg of bromoacetyi-NHS for 5 minutes on ice. Then the sulfhydryl-oligonucleotide and the bromoacetylalkaline phosphatase were desalted by the spun column technique (31) using Sephadex G25 and Sephadex G50 equilibrated in 1 mM Tris-HCl, pH 7.0, respectively (see Fig. 1 ). The sulfhydryl-oligonucleotide was then added to the bromoacetyl-alkaline phosphatase and the mixture freeze-dried, redissolved in 5 yl of 1 mM Tris-HCl, pH 7.0 and adjusted to 4 M NaCl by adding 20 )il of 5 H NaCl. Conjugation was allowed to proceed overnight at 4°C.
Purification of alkaline phosphatase -oligonucleotide conjugate
The conjugation mixture was chromatographed by gel filtration on a Sephadex G-100 (superfine) column prepared in a 5 ml glass pipette and equilibrated and developed with 50 mM Tris-HCl, pH 8.4, 1 mM MgCl 2 , 0.025% sodium azide. Fractions (0.1 ml) were collected and their Cerenkov counts per minute (cpm) measured. Materials eluted as the first peak, which contained the conjugate and unreacted free alkaline phosphatase, were applied to a DEAE-Sephacel column (7 cm x 0.6 cm) equilibrated with 50 mM Tris-HCl, pH 8.4. The column was washed sequentially with 0.1 M NaCl, 0.1 M Tris-HCl, pH 8.4 and 0.2 M NaCl, 0.1 M Tris-HCl, pH 8.4 to elute the free enzyme. The conjugate was finally eluted with 3 M NaCl, 0.1 M Tris-HCl, pH 8.4. All four direct enzyme-linked oligonucleotide probes were purified in the same way.
Alkaline phosphatase assay
Alkaline phosphatase activity was assayed by following the hydrolysis of p-nitrophenyl phosphate in 10% diethanolamine-HCl, pH 9.8, using the time mode scan in a Varian Superscan Spectrophotometer at 405 nm.
Membrane processing
Faecal cultures grown overnight on cellulose acetate membranes were lysed, colony-side up, on Whatman filter paper saturated with 0.5 M NaOH, 1.5 M NaCl, for 20 minutes, then neutralized on Whatman filter paper saturated with 1 M Tris-HCl, pH 7.0, 3 M NaCl for 10 minutes. The membranes were placed on Whatman filter paper saturated with 50 mM Tris-HCl, pH 8.0, 125 mM NaCl, 10 mM EDTA, 0.5% SDS (Buffer A) for a further 10 minutes. Individual membranes were then carefully placed floating on 1 ml Buffer A containing 5 mg lysozyme in a plastic petri dish for 15 minutes. The membranes were removed and nucleic acids fixed by placing on Whatman filter paper saturated with 10% formaldehyde in 20 x SSC for 7 minutes (1 x SSC is 150 mM NaCl, 15 mM sodium citrate, pH 7.0). Membranes were drained and further dried under a strong light source for 10 minutes. At this stage, the membranes can be stored at room temperature for at least two weeks. When required, membranes were rinsed in Buffer A and put in a polythene heat sealable bag containing 2 ml Buffer A plus 0.4 mg proteinase K and incubated for 30 minutes at 50°C in a shaking waterbath. Finally, the membranes were immersed in 50 ml of 95% ethanol for 2 minutes and air dried.
Nitrocellulose membranes containing a dilution series of target plasmid pSLM004 DNA and control plasmid pHBVCB DNA were prepared as previously described (17) .
Hybridization and washing
Membranes were pre-hybridized at 50°C for 1 hour with shaking in 6 x SSC, 25 x Denhardt's solution (1 x Denhardt's solution is 0.02% BSA, 0.02% Ficoll 400 and 0.02% PVP) and 0.5% SDS. Hybridization was carried out at 50°C for 30 minutes with shaking in 6 x SSC, 1 x Denhardt's solution and 0.5% SDS, containing 25 ng/ml of each of the four direct enzyme-linked oligonucleotide probes (concentration of probe refers to the oligonucleotide moiety only). After hybridization, membranes were washed three times for 10 minutes in 5 x SSC, 0.5% SOS, 0.5% Tween 20, at 50°C with agitation; then followed by three washes for 10 minutes in 1 M NaCl, 0.1 M Tris-HCl, pH 9.5, 5 mM MgCl 2 , at room temperature with agitation.
Colour development and termination
Membranes were placed in a petri dish, kept in subdued light, containing substrate solution (0.33 mg/ml NBT, 0.17 mg/ml BCIP, 0.33% v/v dimethylformamide in 0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, 5 mM MgCl 2 ) prepared according to Leary et al. (13) . Strong positive specimens were identified within 1 hour, while weak positive specimens were detected after overnight colour development. Colour development was terminated by immersing the membrane in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA.
RESULTS
Preparation of direct enzyme-linked oligonucleotide probes
The protocol for preparing the direct enzyme-linked oligonucleotide probes is schematically outlined in Fig. 1 . Sulfhydryl and bromoacetyl groups were generated on the aliphatic amine substituted oligonucleotides and alkaline phosphatase respectively as depicted. The unidirectional reaction between sulfhydryl group and bromoacetyl group has been shown to be intrinsically specific and efficient (32, 33) . Pre-treatment of alkaline phosphatase with bromoacetate to block possible free sulfhydryl groups was found unnecessary.
Alkaline phosphatase-oligonucleotide conjugate was prepared as described in Materials and Methods. After conjugation, the unreacted oligonucleotide was separated from the oligonucleotide-enzyme conjugate and the free enzyme by gel filtration on a Sephadex G-100 column (Fig. 2) . The conjugation efficiency, as monitored by [ 32 P] cpm distribution between the conjugate fractions (peak I) and the unreacted oligonucleotide fractions (peak II) was 60%, when the [ 32 P] tracer used was tailed with [a-32p]dATP by terminal deoxynucleotidyl transferase ( Fig. 2A) and 80% when the tracer was labelled with [5'-32 P]pCp by the T4 RNA ligase method (Fig. 2B) . Under the tailing conditions we employed, the extra tail could easily reach a length comparable to that of the oligonucleotide itself (29) . Thus, while the bulk of the oligonucleotide population, which is unlabelled, carries an active amine at its 3 1 end, the tracer bears its reactive amine in the middle of a highly negatively charged molecule. Hence, the actual conjugation effi- Sephacel column (Fig. 3) , as detailed in Materials and Methods, and stored at 4°C. These probes are stable for at least three months. Longer term stability is being investigated.
Characterization of the direct enzyme-linked oligonucleotide probes
It is envisaged that the most available amino groups in the alkaline phosphatase molecule would be first bromoacetylated upon brief exposure to bromoacetyl-NHS. One of these bromoacetyl groups should readily react with the added sulfhydryl-oligonucleotide. Thus, 1:1 molar reactants of bromoacetyl -alkaline phosphatase and sulfhydryl-oligonucleotide would be expected to give rise to a population of conjugates mainly composed of one oligonucleotide linked to one alkaline phosphatase. Table II shows the 260 nm/280 nm absorption ratio of a typical oligonucleotide-alkaline phosphatase conjugate preparation. This is compared with those of the aliphatic amine substituted oligonucleotide, the underivatized alkaline phosphatase and a 1:1 molar mixture of the two. These figures indicate that the conjugate has a 1:1 molar composition of oligonucleotide and alkaline phosphatase.
The enzyme activity of the oligonucleotide-alkaline phosphatase conjugate was assayed. On the assumption that the conjugate's mass ratio of oligonucleotide/alkaline phosphatase is 1:14, it was found that 60% of the enzyme activity was retained (data not shown). We consider this a reasonable figure although other investigators using a different coupling method reported that higher enzyme activity was retained (21) .
The sensitivity of the direct enzyme-linked oligonucleotide probes was tested by dot-hybridization using a colorimetric detection procedure. Plasmid pSLM004, which contains the E. coli heat stable enterotoxin gene specific for humans (5) , was used as target. When a mixture of four probes (see Table 1 ) was used, 20 pg of plasmid DNA was clearly detected. This is equivalent to 6 x 10" 18 mole or 3.5 x 10 6 target molecules (Fig. 4) . The melting temperature (Tm) of the hybrids formed between these probes and target ONA was not investigated. Previous studies have shown that a short oligonucleotide coupled to a bulky body of polynucieotide or enzyme had only a slightly lowered Tm as compared to that of the free oligonucleotide (21, 29) .
Application to clinical specimens
To apply the direct enzyme-linked oligonucleotide probes to the detection of ETEC in faecal specimens, we have developed a simple and reliable colony hybridization procedure described in Materials and Methods. Several modifications and improvements have been made over an existing method using biotinylated DNA probes (20) . (7 x 10 7 cpm/ug, 10 6 cpm in one ml hybridization buffer) and 24 hour autoradiography at -70°C. Specimens 2, 5, 7 and 8 were bioassay positive and specimens 1, 3, 4 and 6 were bioassay negative. Control (c) used was E. coli HB101 carrying plasmid pSLM004. was necessary to achieve effective lysis of the faeces culture. Lysozyme and proteinase K digestion were included to enhance signal strength and to ensure low backgrounds. A brief (7 minutes) formaldehyde treatment of the membrane was employed to replace the conventional 2 hour baking at 80°C in a vacuum oven for DNA immobilization. The pre-hybridization, hybridization and washing altogether took 2.5 hours while colour development could proceed overnight without significant background. The hybridization results using enzyme-labelled oligonucleotide probes are shown in Fig. 5A and were in agreement with those obtained by bioassay. In a parallel experiment, four oligonucleotide probes labelled with polynucleotide kinase and [T 32 P]-dATP to a specific activity of 7 x 10 7 cpm/ ug were used. After 24 hours autoradiography at -70°C, similar results were obtained (Fig. 5B) .
DISCUSSION
We have successfully developed a practical method for preparing direct enzyme-linked oligonucleotide probes. The ami no group of the derivatized oligonucleotides was efficiently converted to a sulfhydryl group which was used to initiate the unidirectional and specific conjugation with bromoacetylated alkaline phosphatase. This convenient method produced quality alkaline phosphatase-oligonucleotide probes in high yield.
Four unique oligonucleotide sequences (Table 1) , which cover approximately 30% of the E. coli heat stable enterotoxin gene (5), were coupled to alkaline phosphatase and used collectively as probes. This is a precaution which was taken to ensure that enterotoxigenie E. coli with silent mutations in their toxin gene would still be detected. If only one oligonucleotide probe was used and silent mutations, which have no effect on the biological activity of the toxin, occurred in the middle of the sequence complementary to the probe oligonucleotide, then an interference with hybridization may happen and therefore give rise to false negative results. These probes, as well as other short oligonucleotide-based probes, would, in certain circumstances, also detect bioassay negative E. coli producing a defective enterotoxin. This, however, should be addressed by a more general investigation.
As we have mentioned, the real value of non-radioactive probes resides in their applicability to routine clinical situations where simple, reliable and inexpensive diagnostic tools are required. The direct enzyme-linked oligonucleotide probes and the modified colony hybridization-colorimetric assay procedure described here, detect ETEC directly in faecal specimens cultivated on cellulose actetate membranes and produce minimal background after overnight colour development. The whole detection process is simple and rapid enough to allow routine diagnostic personnel to handle large numbers of clinical samples on a daily basis. All these practical features and other advantages such as safety in handling and long shelf life will be useful in ETEC diagnostic laboratories, particularly those in developing countries. Although we have only reported here probes designed for the detection of E. coli heat stable enterotoxin gene specific for humans, probes for detection of other enterotoxin genes have been successfully synthesized and tested. In principle, it should be possible to apply this approach to the detection of other microbial pathogens, especially since their relevant nucleotide sequence data are rapidly becoming available.
